r Critical homeostatic behaviours such as suckling, swallowing and breathing depend on the precise control of tongue muscle activity.
Introduction
Neurotransmitter systems function as growth regulators during critical periods of perinatal brain development (Cameron et al. 1998; Herlenius & Lagercrantz, 2004) . GABA receptor signalling is excitatory in early development due to high intracellular chloride concentrations. The excitatory actions of GABA, in part, produce the giant depolarizing potentials, and subsequent intracellular calcium waves, which are signals for neuron outgrowth and synapse formation (Marchetti et al. 2002) . Later in development, when a sufficient number of synapses have formed, expression of the chloride transporter KCC2 produces the chloride gradient seen in mature neurons, and the effects of GABA become inhibitory, allowing for the formation of a more diverse and functional network (Ben-Ari, 2002) . Importantly, nicotinic cholinergic signalling is responsible for driving the expression of KCC2, and the subsequent maturation of GABAergic signalling from excitatory to inhibitory (Spitzer, 2010) . The nicotinic cholinergic system is also implicated in early development as a regulator of neurite growth and pathfinding, and in the development of functional neural circuits (Hanson & Landmesser, 2003) . Given the major role of the nicotinic cholinergic system in brain development, it is not surprising that perinatal exposure to nicotine has severe consequences on brain structure and function.
The influence of nicotine exposure on brain development is mainly attributed to its action on the nicotinic acetylcholine receptors (nAChRs), which are expressed ubiquitously throughout the brain. In the brainstem, nAChRs are expressed postsynaptically on hypoglossal motoneurons (XIIMNs), where they evoke direct depolarization, but are also located on glutamatergic, GABAergic, and glycinergic neurons, where their role is to regulate neurotransmitter release (Bradaia & Trouslard, 2002; Gonzalez-Islas et al. 2016; Howe et al. 2016) . Activation of nAChRs on the cell soma or dendrites causes depolarization and increases the probability of action potential firing, whereas nAChRs located on the axon end terminal tend to have high calcium conductance which increases the probability of spontaneous vesicular release of neurotransmitters (Role & Berg, 1996; Quitadamo et al. 2005) .
The muscles of the tongue participate in critical homeostatic behaviours, including suckling, swallowing and breathing, which require carefully balanced inputs from XIIMNs. In utero and postnatal exposure to nicotine (developmental nicotine exposure, DNE) alters the dendritic branching pattern of neurons in many brain regions, including XIIMNs (Roy et al. 2002; Muhammad et al. 2012; Powell et al. 2016) . Morphological changes in XIIMNs, or similar changes in the interneurons in this region, could alter the density of inhibitory synaptic inputs to XIIMNs, the strength of these inputs, or both. Additionally, DNE desensitizes nAChRs on XIIMNs (Pilarski et al. 2012) . If nAChRs on interneurons that regulate neurotransmitter release also desensitize, XIIMNs may compensate by changing receptor expression in an effort to maintain normal cell excitability. Importantly, in a recent study we showed that XIIMNs from DNE animals had increased expression of GABA A receptors (Jaiswal et al. 2016) , consistent with a compensatory mechanism aimed at mitigating reduced GABA release. Here, we test the hypothesis that DNE disrupts the normal development of inhibitory inputs to XIIMNs, as well as the neuron's response to inhibitory synaptic input.
Methods

Ethical approval
All procedures and protocols described, and all data collected, were approved by the University of Arizona Institutional Animal Care and Use Committee (IACUC), and in accordance with guidelines established by the National Institutes of Health and by The Journal of Physiology.
Animals
We used 72 Sprague-Dawley rat pups of either sex, ranging in age from postnatal day zero (P0) through postnatal day 5 (P5), which corresponds to gestational age 29-34 weeks in humans (Ballanyi et al. 1999) . Nicotine-exposed rat pups were taken from 14 separate litters, and saline-exposed and unexposed neonates were taken from 15 separate litters. All neonates were born via spontaneous vaginal delivery from pregnant adult female rats purchased from Charles River Laboratories (Wilmington, MA, USA). Neonates were housed with their mothers and siblings in the animal care facility at the University of Arizona under a 12:12 h light:dark cycle (lights on 07.00 h), in a quiet room maintained at 22°C and 20-30% relative humidity, and with water and food available ad libitum.
Developmental nicotine exposure
Pregnant dams were anaesthetized with a subcutaneous injection of ketamine (25 mg kg −1 ), xylazine (8.0 mg kg −1 ) and acepromazine (1 mg kg −1 ) and an Alzet 1007D mini-osmotic pump (Alzet Corp., CA, USA) was implanted subcutaneously on gestational day 5, as previously described (Huang et al. 2004; Luo et al. 2004 Luo et al. , 2007 . A subcutaneous injection of buprenorphine (0.5 mg kg −1 ) was given to control postoperative pain. The 28-day pump exposes the pup via the placenta throughout the remainder of gestation (approximately 16 days), and via mother's milk after birth, and these successive pre-and postnatal exposures define DNE. The pump was loaded to deliver an average dose of 6 mg kg day −1 of nicotine bitartrate. We previously showed that this dose produces plasma cotinine levels in the pups ranging from 60-92 ng ml −1 (Powell et al. 2016) , which is comparable to that seen in the plasma of human infants born to mothers who are considered moderate smokers (Berlin et al. 2010) . Control animals were obtained from pregnant dams implanted with an Alzet pump filled with saline (sham control), or from pregnant dams that did not undergo pump implantation (true control). Consistent with our previous studies, there were no systematic differences between sham control and true control for any of the measured variables, so the data from these two groups was combined.
After implant surgery, dams were monitored daily by IACUC veterinary staff for changes in body weight or signs of infection or abnormal behaviour. If found, killing was performed by veterinary staff using a euthanasia chamber. The animal is placed in the chamber which is then filled with 100% CO 2 at a rate of 10-30% of the chamber volume per minute. Once the litter was used, the mother and any remaining pups were killed as above.
Medullary slice preparation
Pups of either sex were removed from their cages and weighed, anaesthetized on ice and decerebrated at the coronal suture. Death was confirmed by pneumothorax to ensure that the animals had ceased breathing and the heart had stopped beating. The vertebral column and ribcage were exposed and placed in cold (4-8°C) oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (aCSF), composed of the following (in mM): 120 NaCl, 26 NaHCO 3 , 30 glucose, 1 MgSO 4 , 3 KCl, 1.25 NaH 2 PO 4 , and 1.2 CaCl 2 , with pH adjusted to 7.4 and osmolarity to 300-325 mOsm. The brainstem and spinal cord was extracted and all tissue above the pontomedullary junction was removed. The preparation was then glued to an agar block, rostral surface up, and 2-3 transverse medullary slices (300-500 μM) containing the hypoglossal motor nucleus were cut in a vibratome (VT1000P, Leica) filled with ice-cold aCSF. The slices were then transferred to an equilibration chamber containing fresh, oxygenated, room temperature aCSF and allowed to recover for 1.5 h before recording.
Electrophysiology
Equilibrated slices were transferred to a recording chamber and perfused with aCSF at a rate of 1.5-2 ml min −1 . aCSF was oxygenated and maintained at 27°C (TC-324B temperature controller, Warner Instrument Corporation). XIIMNs were visualized with an Olympus BX-50WI fixed-stage microscope (40 × water-immersion objective, 0.75 N.A.) with differential contrast optics and a video camera (C2741-62, Hamamatsu). Recordings were made with glass pipettes (tip resistance 3-7 M ) pulled from thick-walled borosilicate glass capillary tubes (OD: 1.5 mm, ID: 0.75 mm). To set the chloride reversal potential at approximately 0 mV (actual value = −2.8 mV), we used a CsCl based intracellular solution containing (in mM): 130 CsCl, 5 NaCl, 2 MgCl 2 , 1 CaCl, 10 HEPES, 2 ATP-Mg, 2 sucrose, with pH adjusted to 7.2 and osmolarity of 250-275 mOsm. Under these conditions, both excitatory and inhibitory postsynaptic currents are inward at a holding potential of −75 mV. Filled pipettes were attached to a preamplifier mounted in a micromanipulator (MP-225, Sutter Instrument Company). The preamplifier was connected to a Multiclamp 700B amplifier, and the signals were digitized with a Digita 1440A A/D converter (Molecular Devices).
The following procedures pertain to all recordings. First XIIMNs were identified based on their size, shape and location. Pipettes were apposed to the soma, and after a gigaohm seal was achieved the membrane was ruptured by suction. After a 5-min equilibration period to confirm a stable recording, spontaneous inhibitory synaptic events (sIPSCs) were recorded before and after bath application of nicotine. We pharmacologically isolated GABAergic sIPSCs using 6-cyano-7-nitroquinozaline-2,3-dione (CNQX), D-(−)-2-amino-5-phosphonopentanoic acid (AP-5), and strychnine hydrochloride to antagonize the AMPA type glutamate receptors, the NMDA receptors and the glycine receptors, respectively ( added to the superfusate and sIPSCs were recorded for an additional 3 min. This protocol was followed by 5 min of washout with aCSF. Since sIPSCs reflect the sum of action potentialmediated events as well as the random, quantal release of neurotransmitter from presynaptic vesicles, we also examined the influence of DNE on the latter by recording miniature postsynaptic currents (mIPSCs) both before and after an acute nicotine challenge. After a stable recording was achieved, CNQX and AP-5 were superfused to block glutamatergic transmission, together with strychnine hydrochloride to block glycinergic transmission, thus isolating GABA-mediated events. This cocktail was superfused for 3 min, followed by the addition of tetrodotoxin (TTX) for 2 min to block action potential firing. GABAergic mIPSCs were recorded at baseline for 3 min, after which nicotine bitartrate was added to the superfusate. mIPSCs were recorded for an additional 3 min in the presence of nicotine, followed by a 5-min washout period. In a subset of these cells, after TTX application and again after nicotine application, a square wave voltage step was introduced (−75 to −80 mV) and used to calculate input resistance (Table 2) .
To evaluate the influence of DNE on postsynaptic GABA A receptors, recordings were again made in the presence of CNQX, AP-5, TTX and strychnine hydrochloride. We then bath applied either muscimol, to activate the postsynaptic GABA A receptors or gaboxadol (THIP) to activate the δ-subunit containing, extrasynaptic GABA A receptors. As with the recording of presynaptic events described above, with our recording conditions activation of the postsynaptic GABA A receptors produces an inward current and the peak of this current was measured.
Drugs
Drugs and concentrations used for each experiment are summarized in Table 1 . Drugs were purchased from Sigma (St Louis, MO, USA), except for nicotine bitartrate (MP Biomedicals, LLC, Solon, OH, USA) and TTX (R&D Chemicals, Minneapolis, MN, USA). All drugs were mixed in aCSF on the day of the experiment from previously mixed aliquots that were frozen and stored at 0 to −2°C. Antagonists were used at concentrations known to be effective based on our previous studies or the literature. Nicotine was used at the highest dose that produced presynaptic effects without producing a significant inward current. This is important, as pilot studies showed that higher concentrations of nicotine (1 μM, 10 μM, and 100 μM) activate postsynaptic nAChRs and evoke an inward current, which creates noise in the record and decreases the ability to discriminate sIPSCs/mIPSCs. Agonists were used at concentrations that produce approximately half-maximal responses, based on dose-response experiments previously performed in our lab. The drug solutions were oxygenated and maintained at 27°C and perfused into the recording chamber at a rate of 1.5-2 ml min −1 .
Protocols
Data from a total of 72 cells are reported, with 36 cells from DNE neonates and 36 cells from control neonates. Cell numbers for each experiment are summarized in Table 1 . At the end of each experiment, measurements of resting membrane potential and input resistance were repeated to confirm the health of the cell and that the gigaohm seal was still intact.
Data analysis and statistics
Differences in age, weight, resting membrane potential, input resistance at baseline, input resistance during acute nicotine challenge, and peak current produced by agonists were evaluated by comparing the means from each group using the Student's unpaired t test. Voltage clamp data were obtained with Clampex software (Molecular Devices, Sunnyvale, CA, USA), and analysed with a MiniAnalysis Program (Synaptosoft, Decatur, GA, USA). For all IPSCs, the inter-event interval (IEI) and peak amplitude of each event were measured during the minute before nicotine application, and throughout the second and third minutes of nicotine application. There were no differences in amplitude or IEI between the second and third minutes of (M ) , acute Nic 231 ± 13.1 228 ± 61.73 6:6 P = 0.1083 # P = 0.1076 # * A significant difference between control and DNE at baseline, # a significant difference between baseline and acute nicotine within a group. Values are means ± SD. There were no differences in any of these variables between control and DNE cells.
nicotine application, so the third minute measurements were used for analysis. Statistical comparisons were done as follows. First, the IEI and amplitude of all sIPSCs/mIPSCs from all cells within a treatment group were used to construct a cumulative probability distribution using Prism (GraphPad Software, Inc., La Jolla, CA, USA) (e.g. Figs 1, 2, 4 and 5). We expressed the cumulative probability as fractions ranging from 0 to 1, such that a value of 0.5 defines the midpoint of the normalized IPSC amplitude or frequency distribution. In these graphs, the y-axis value is the fraction of events that lies at or below the corresponding x-axis value. To compare the IEI and amplitude distributions under baseline conditions and during acute nicotine application, we performed a two-sample Kolmogorov-Smirnov (K-S) test using SPSS (IBM, Armonk, NY, USA). The K-S statistic is based on the maximum difference (D) between the two distributions: At baseline, average IEI of GABA sIPSCs was significantly longer in DNE cells (596.9 ± 656.2 ms, n = 7341) compared to control (386.6 ± 346.8 ms, n = 6855), indicating a lower frequency of these events (K-S test: P < 0.0001, C). At baseline, the average amplitude of GABAergic sIPSCs was significantly higher in control cells (−182.8 ± 169.6 pA, n = 6834) compared to DNE cells (−131.3 ± 107.3 pA, n = 7324) (K-S test: where F 1 and F 2 are the distribution functions of each population, and 'sup' is the supremum function. The D value is shown schematically in Fig. 1C . The null hypothesis is that the samples are drawn from the same distribution, and is rejected at a given ∝ level if:
where n and m are the sample sizes for distributions 1 and 2, respectively, and c(∝) is the K-S test statistic at a given ∝ level, which in our case was 1.36, based on a standard probability value of 0.05. The K-S test is typically used to determine if a given probability distribution is the same as a reference probability distribution, or to compare two independent probability distributions; it is this latter, 2-sample KS test that we used to compare the probability distributions from control and DNE cells under baseline conditions (e.g. Figs 1 and 2). We also computed the median IEI and amplitude of all events recorded under baseline conditions in each cell, and compared the median values in cells from the two treatment groups with the non-parametric Mann-Whitney U test. In addition, because the acute nicotine challenge studies (e.g. Figs 4 and 5) compare distributions obtained at baseline and with nicotine challenge in the same cell, the probability distributions are not truly independent. As a result, we also constructed individual probability distributions for each cell, at baseline and during nicotine challenge and computed the D value between the two distributions, as shown in panels E and F of Figs 4 and 5. A negative D value indicates that acute nicotine challenge caused a decrease in IEI or amplitude, whereas a positive value indicates that acute nicotine challenge caused an increase in IEI or amplitude. These D statistic values were compared between control cells and DNE cells using the Mann-Whitney U test. To assess the magnitude of the change in amplitude and IEI evoked by an acute nicotine challenge, we compared the mean D statistic within each group to zero using a 1-sample, unpaired t test. Here, the null hypothesis is that the difference between probability distributions at baseline and during acute nicotine challenge (i.e. the D statistic) is equal to zero.
For the postsynaptic receptor experiments, the peak of the inward current was measured (e.g. Fig. 3A and B) and an unpaired t test was used to compare the mean peak current in control and nicotine-exposed cells. Results are expressed as the means ± SD.
Results
Age and weight of the animals used, membrane potential and input resistance
As shown in Table 2 , there is no difference in age or body weight between control animals and DNE animals, nor were there differences in resting membrane potential (V m ) or input resistance (R in ) at baseline. Similarly, there were no significant changes in input resistance in response to an acute nicotine challenge in either control or DNE cells.
Frequency and amplitude of GABAergic sIPSCs at baseline
GABAergic interneurons that make synaptic contact with a postsynaptic neuron (here, the hypoglossal motoneurons) generate spontaneously occurring IPSCs (sIPSCs). The sIPSCs arise from the random quantal release of GABA (i.e. action potential independent release) from the presynaptic vesicles, and via vesicular release that is triggered by action potentials generated in the GABAergic interneuron. Though the precise interpretation of changes in the frequency and amplitude of sIPSCs is debated (Vautrin & Barker, 2003) , in general the frequency reflects the probability of GABA release (whether from spontaneous vesicular release, or from action potential-mediated release), while the amplitude reflects the postsynaptic response to the GABA that is released from each vesicle.
To evaluate the influence of DNE on GABAergic sIPSCs in hypoglossal motoneurons under baseline conditions, in each control and DNE cell we computed the amplitude and inter-event interval (IEIs, the reciprocal of frequency) of every IPSC recorded over a 3-min period. Figure 1A and B are example recordings of GABAergic sIPSCs from one control cell and one DNE cell. It is clear from this example that DNE cells have a decreased baseline frequency of GABA sIPSCs compared to control cells. Fig. 1C shows a right shift in the distribution of all IEIs in DNE cells compared to control, indicating that DNE reduces the frequency of GABAergic inhibitory inputs (K-S test: P < 0.0001, Fig. 1C) . The representative recordings shown in Fig. 1A and B also show that, under baseline conditions, the amplitude of GABAergic sIPSCs is lower in DNE cells than in control cells, consistent with the left shift in the amplitude distribution in DNE cells compared to control (K-S test: P < 0.0001, Fig. 1D) . Median values from 10 control cells and 10 DNE cells are shown in Table 3 .
Frequency and amplitude of GABAergic miniature IPSCs (mIPSCs) at baseline
Miniature IPSCs reflect the postsynaptic response to a single vesicle of neurotransmitter, in this case GABA. Miniature IPSCs can be observed only under conditions where presynaptic action potentials are blocked. Here, we bath-applied TTX to block action potentials everywhere in the slice, and recorded GABAergic mIPSCs under baseline conditions. Fig. 2A and B are example recordings of GABAergic mIPSCs from one control cell and one DNE cell, showing that the frequency of these events is slightly, but significantly faster in DNE compared to control. Although comparison of the median values from 10 control cells and 10 DNE cells with the Mann-Whitney U test was not significant (Table 3) , the total population of events recorded from all control and all DNE cells was different. Thus, Fig. 2C shows that the distribution of , but resulted in an increase in mIPSC amplitude in DNE cells (−26.7 ± 13.3 to −37.5 ± 18.3 pA, K-S test: P < 0.0001, D, * ). E and F show D statistic values, obtained by constructing probability distributions of mIPSC IEI and amplitude at baseline and after acute nicotine challenge in each cell. Acute nicotine challenge caused an increase in mIPSC frequency in 6 cells, and a decrease in 4 cells (E, filled circles). In the DNE group, acute nicotine challenge caused an increase in frequency in 5 cells and a decrease in 5 cells (E, open squares). There was no difference in the response of control and DNE cells to an acute nicotine challenge (Mann-Whitney U test: P = 0.5399). Testing the average D value against zero (1-sample t test) also failed to reveal significant differences in either treatment group: control, P = 0.5502; DNE, P = 0.8620, E). The influence of an acute nicotine challenge on mIPSC amplitude is shown in F. For control cells, amplitude increased with nicotine challenge in 6 cells, and decreased in 4 cells. In contrast, acute nicotine challenge resulted in an increase in mIPSC amplitude in all 10 cells from DNE animals (Mann-Whitney U test: P = 0.0004, control vs. DNE, * ). In addition, while the D value in control cells was not different from zero, it was significantly different from zero in the DNE cells (F, 1-sample unpaired t test: control, P = 0.5523; DNE, P < 0.0001, #). IEIs from DNE cells is left-shifted relative to the control distribution, indicating that DNE increases the frequency of these events (K-S test, P < 0.0001, Fig. 2C ).
Changes in the amplitude of mIPSCs is usually thought to reflect changes in the sensitivity of the postsynaptic receptors; however, under some conditions this effect can also have a presynaptic origin (Del Castillo & Katz, 1954; Vautrin & Barker, 2003 , and see Discussion). The representative records shown in Fig. 2A and B show that, under baseline conditions, there is a trend towards decreased amplitudes of GABAergic mIPSCs in DNE cells compared to control cells. Although analysis of the median values from 10 control cells and 10 DNE cells shows no significant difference (Table 3) , the cumulative probability curve, based on the entire population of events, reveals that the amplitude distribution was shifted towards smaller events in DNE cells compared to control cells, and a K-S test on the distribution of amplitudes confirmed this (K-S test: P = 0.012, Fig. 2D ).
Postsynaptic GABA receptors
The results of the above experiments indicate complex changes in GABAergic synaptic inputs to XIIMNs. Whereas the frequency data are unambiguous, changes in the amplitude of sIPSCs and mIPSCs are not. To gain a more complete understanding of the DNE-mediated changes in GABAergic synaptic transmission, we directly assessed the postsynaptic response to activation of GABA receptors with agonists. To evaluate DNE-mediated postsynaptic effects on GABA receptor function, recordings were obtained from XIIMNs and either 0.5 μM muscimol or 12 μM THIP was bath applied in the presence of CNQX, AP-5, strychnine and TTX (Table 1) . Figures 3A and B show example traces of the inward current that results from activation of the postsynaptic GABA A receptors with bath application of 0.5 μM muscimol. The average peak amplitude of the inward current was significantly greater in DNE cells (−364.4 ± 38.7 pA, n = 10 cells) compared to control (−239.3 ± 30.8 pA, n = 10 cells) (t test: P = 0.0209, Fig. 3C ). Next, we tested the response to bath application of THIP, which is a specific agonist of the δ-subunit containing extrasynaptic GABA A receptor. The inward current produced by bath application of THIP was not significantly different between control cells (n = 6) and DNE cells (n = 6) (control −74 ± 1 pA, DNE −53.8 ± 8.1 pA, t test: P = 0.2507, Fig. 3D ). Taken together, the results of these two experiments indicate that DNE alters synaptic, but not extrasynaptic GABA A receptors, and suggests multiple effects of DNE on GABAergic neurotransmission.
The effects of acute nicotine challenge on GABAergic sIPSCs
Acute nicotine challenge stimulates nAChRs at pre-and postsynaptic sites. Chronic nicotine desensitizes nAChRs which could modify GABA release from GABAergic interneurons. Accordingly, we bath applied 0.5 μM nicotine and evaluated changes in the frequency and amplitude of sIPSCs. The frequency of GABAergic sIPSCs increased with acute nicotine challenge in both control cells (increase in 7 of 10 cells) and DNE cells (increase in 10 of 10 cells), but this effect was exaggerated in DNE cells, as shown by the relative magnitude of the left shift in the distribution of IEIs (Fig. 4A and B) . To compare the response in control and DNE cells statistically, we recorded the difference in the IEI distribution between baseline and acute nicotine challenge (i.e. the D value, which is shown graphically in Fig. 1C ) for each cell, and then compared the D values in control and DNE cells with the non-parametric Mann-Whitney U test. As shown in Fig. 4E , the D values show a significantly greater effect of acute nicotine challenge on DNE cells compared to control cells (Mann-Whitney U test: P = 0.001, * in Fig. 4E) . We also applied the 1-sample unpaired t test to determine if the D values for each treatment group were significantly different from zero. The average D value in the control group was not different from zero (P = 0.1352, Fig. 4E , filled circles), indicating no significant change in IEI with acute nicotine challenge. In contrast, the D statistic was significantly less than zero in the DNE group (one sample unpaired t test: P < 0.0001, Fig. 4E , open squares and #), indicating a significant increase in sIPSC frequency in response to acute nicotine challenge.
We also examined the change in sIPSC amplitude in response to an acute nicotine challenge. The average GABAergic sIPSC amplitude decreased with nicotine in control cells, as indicated by a left shift in the population distribution (K-S test: P < 0.0001, Fig. 4C ), whereas there was a very slight, but significant increase in sIPSC amplitude in DNE cells, as indicated by a right shift in the population distribution (K-S test: P = 0.05, Fig. 4D ). While the K-S test comparing every event from every cell within a group (i.e. the entire population of events) found significant differences between amplitudes at baseline and during acute nicotine challenge, analysis of individual cells resulted in more ambiguous results. In the control group, acute nicotine challenge increased sIPSC amplitudes in 6 cells, and decreased amplitudes in 4 cells (Fig. 4F , filled circles). In the DNE group, acute nicotine challenge increased amplitude in 7 cells and decreased amplitudes in 3 cells (Fig. 4F, open squares) . As above, we recorded the D value (i.e. the difference in the amplitude distribution between baseline and acute nicotine challenge) for each cell, and then compared the D values in control and DNE cells with the non-parametric Mann-Whitney U test. As shown in Fig. 4F , the D values show no significant group differences in the influence of acute nicotine challenge on the amplitude of sIPSCs (Mann-Whitney U test: P = 0.7535). Similarly, the average D value for sIPSC amplitude was not different from zero in either control cells or DNE cells (1-sample unpaired t test: Control, P = 0.3596; DNE, P = 0.222; Fig. 4F ).
The effects of acute nicotine challenge on GABAergic mIPSCs
To assess whether activation of nAChRs at the GABAergic end terminals modulates the rate and amplitude of spontaneous single vesicle release, and to see if DNE modifies these variables, we added 0.5 μM nicotine to the drug cocktail described in Table 1 to analyse the change in mIPSC frequency (i.e. the IEI) and amplitude in response to an acute nicotine challenge. Nicotine application did not change the frequency of GABAergic mIPSCs in either control (K-S test: P = 0.220, Fig. 5A ) or DNE cells (K-S test: P = 0.194, Fig. 5B ). As above, we computed the D statistic in each cell to compare the influence of DNE on the mIPSC frequency response to an acute nicotine challenge. In the control group, acute nicotine challenge caused an increase in mIPSC frequency in 6 cells, and a decrease in 4 cells (Fig. 5E, filled circles) . In the DNE group, acute nicotine challenge caused an increase in frequency in 5 cells and a decrease in 5 cells (Fig. 5E, open squares) . As a result of this variability in the frequency response, there was no difference in the response of control and DNE cells to an acute nicotine challenge (Mann-Whitney U test: P = 0.5399). We also tested the average D value in each group against zero, as above, and also found no significant differences (1-sample unpaired t test: Control, P = 0.5502; DNE, P = 0.8620; Fig. 5E ).
We also studied the influence of an acute nicotine challenge on the amplitude of mIPSCs. Considering the entire population of events, acute nicotine challenge did not change the amplitude distribution of GABA mIPSCs in control cells (K-S test: P = 0.253, Fig. 5C ), but increased the mIPSC amplitude distribution in DNE cells (K-S test: P < 0.0001, Fig. 5D ). Analysis of individual cells revealed similar findings. In the control group, acute nicotine challenge caused an increase in mIPSC amplitude in 6 cells and a decrease in 4 cells. In the DNE group, acute nicotine resulted in an increase in mIPSC amplitude in all 10 cells. D statistic values revealed a significant difference in the effects of acute nicotine between control and DNE (Mann-Whitney U test: P = 0.0004, * in Fig. 4F ). In addition, while the D value in control cells was not different from zero, it was significantly different from zero in the DNE cells (1-sample unpaired t test: Control, P = 0.5523; DNE, P < 0.0001; # in Fig. 5F ).
Discussion
Here we show that DNE is associated with significant alterations in both pre-and postsynaptic GABAergic neurotransmission in XIIMNs. First, under baseline conditions, the frequency and amplitude of GABAergic sIPSCs was lower in DNE cells, but the frequency of GABAergic mIPSCs was greater. Together, these observations are consistent with a reduction in action potential-mediated GABAergic input to XIIMNs in DNE cells, but an increase in the random, vesicular release of GABA from presynaptic terminals that synapse on XIIMNs from DNE animals. Second, XIIMNs from DNE animals have an exaggerated response to activation of postsynaptic GABA A receptors, suggesting an increased GABA receptor expression (Jaiswal et al. 2016) , and/or an increase in the functional efficacy of GABA receptors on XIIMNs. Third, acute stimulation of nAChRs with bath-applied nicotine (i.e. an acute nicotine challenge) was associated with a larger increase in GABAergic sIPSC frequency as well as a larger increase in mIPSC amplitude J Physiol 596.23 in DNE cells compared to control cells. The increase in sIPSC frequency indicates that the probability of nicotine-mediated GABA release is increased in XIIMNs from DNE animals, while the greater change in mIPSC amplitude is consistent with an increase in the number or sensitivity of postsynaptic GABA receptors. Taken together, these observations suggest that DNE is associated with a reduction in global GABAergic inhibitory input to XIIMNs under baseline conditions, but a marked increase in synaptic inhibition in response to an acute nicotine challenge. In the following sections we discuss how the DNE-mediated alterations in fast inhibitory synaptic input to developing motoneurons may be detrimental to neuron and network function under some conditions.
Influence of DNE on baseline GABAergic neurotransmission
Previous work has shown that DNE functionally desensitizes postsynaptic nAChRs on XIIMNs (Pilarski et al. 2012) . Based on the assumption that the nAChRs on GABAergic interneurons in this region also desensitize, we predicted a decrease in the basal release of GABA due to a diminished response to endogenous ACh in the slice. Indeed, we did find that under baseline conditions GABAergic sIPSCs in DNE cells were less frequent with reduced amplitude compared to control cells. We will address DNE-mediated changes in the frequency and amplitude of GABAergic IPSCs separately.
Under baseline conditions, the frequency of GABAergic sIPSCs was lower in DNE cells than in control cells, and the amplitude of these events was slightly smaller in the DNE cells. A decrease in the frequency of GABAergic sIPSCs is consistent with a reduction in the probability of GABA release onto XIIMNs, but could also be explained by a reduction in the number of GABAergic interneurons synapsing on XIIMNs or to changes in the intrinsic properties of GABAergic interneurons leading to reduced excitability (and see below). However, sIPSCs are composed of both action potential-mediated and randomly generated spontaneous neurotransmitter release from presynaptic vesicles (Ji & Dani, 2000; Takeda et al. 2003) . To gain insight into the influence of DNE on the latter, we blocked action potentials with TTX and recorded miniature IPSCs (mIPSCs) in XIIMNs. The frequency of mIPSCs in DNE cells was higher than in control cells. This could reflect developmental alterations in the number of release sites and/or the probability of vesicular release. We recently showed that XIIMNs from DNE animals have a less complex dendritic arbor (Powell et al. 2016) . If the dendritic tree on GABAergic interneurons is similarly stunted in DNE animals, this could conceivably reduce the number of GABA synapses on XIIMNs. However, to the best of our knowledge the influence of perinatal nicotine exposure on the morphology of GABAergic interneurons is unknown.
We also showed that DNE cells had smaller sIPSC and mIPSC amplitudes than control cells. The reduction in sIPSC amplitude indicates that DNE is associated with a reduction in the number of quanta released in response to an action potential (reduced 'quantal content'). The slightly smaller amplitude of mIPSCs in DNE cells is more difficult to interpret; classically, changes in mIPSC amplitude are thought to reflect postsynaptic changes, but this could also be explained by a reduction in the amount of GABA in each vesicle, the size or open time of the pore between the vesicle and the plasma membrane, etc. It is doubtful that the smaller mIPSC amplitude in DNE cells suggests postsynaptic changes, as DNE cells showed a larger response to muscimol, consistent with an increase in the number of GABA synapses on XIIMNs. Moreover, the latter finding is consistent with previous ones showing that DNE is associated with an increase in the expression of GABA A receptors on XIIMNs (Jaiswal et al. 2016) . Although these data indicate that the net result of DNE is a reduction in baseline GABAergic synaptic input to XIIMNs, this may not apply to all types of cells and or in different species. For example, melanin-concentrating neurons in the lateral hypothalamus of perinatal nicotine-exposed mice showed the opposite of the result shown here (Jo et al. 2005) . That is, baseline GABAergic input frequency to these cells was increased, and the response to an acute nicotine challenge was markedly attenuated. However, in addition to species differences the nicotine exposure protocol was different in that it began on gestational day 14 in the mice, while we began exposure on gestational day 4 or 5. Thus, the present results capture more of the critical developmental period for neuronal growth and synaptogenesis. Another important difference is that the mice were studied between P10 and P17, while our rats were studied on P1-P5, so direct comparison between the two studies is impossible.
Influence of DNE on nicotinic modulation of GABAergic synaptic transmission
In control cells, acute nicotine challenge decreased the IEI (i.e. increased the frequency) of GABAergic sIPSCs. This was true for the entire population of events (i.e. averaging the IEI of all events in all cells studied, Fig. 4C ), and also when the maximal difference in IEI (the D statistic) between baseline and acute nicotine challenge was first computed for all events in each cell studied, and then tested statistically by comparing the D values between groups, as well as comparing the D value to zero within each treatment group (Fig. 4E) . Remarkably, compared to control cells DNE cells showed a much higher increase in GABAergic sIPSC frequency in response to an acute nicotine challenge, and this was true for both methods of statistical comparison (Fig. 4B and E) , as discussed above. In contrast, the frequency of mIPSCs was not influenced by acute nicotine challenge in either control or DNE animals. Together, these data indicate that DNE causes an exaggerated increase in action potential-mediated release of GABA, but does not change the rate of random vesicular release from GABAergic end terminals that synapse on XIIMNs. We isolated GABA transmission by blocking glycinergic and glutamatergic transmission with drugs, so the simplest interpretation of this observation is that DNE somehow causes a functional upregulation of nAChRs on GABAergic inhibitory interneurons, as opposed to the functional desensitization of postsynaptic nAChRs located on XIIMNs (Pilarski et al. 2012) .
Changes in the amplitude of IPSCs in response to an acute nicotine challenge differed in control and DNE cells. For the entire population of sIPSCs, the data show a very slight increase in sIPSC amplitude in DNE cells, but a small decrease in control cells ( Fig. 4C and  D) . However, computing the D value in each cell and then comparing the individual D values across treatment groups revealed substantial variability in both groups, with no treatment effect (Fig. 4F) . In contrast to sIPSCs, mIPSC amplitude did not change in control cells (Fig. 5C ), but increased significantly in DNE cells. In fact, examining the individual D values in each cell reveals marked variability in the response to acute nicotine challenge in control cells, with a smaller amplitude in some cells, and a larger amplitude in others (Fig. 5F ). Conversely, acute nicotine challenge increased mIPSC amplitude in all 10 cells from nicotine-exposed animals (Fig. 5F ), and statistical comparison of the individual D values revealed a significant difference between control and DNE cells in the response to acute nicotine challenge (Fig. 5F ). These observations may reflect at least three mechanisms: (1) an upregulation of end terminal or postsynaptic nAChRs that do not desensitize; (2) a nAChR-mediated depolarization sufficient to open voltage-gated calcium channels and trigger calcium-mediated signalling pathways at the presynaptic end terminal or in the postsynaptic cell (Oikawa et al. 2005) ; (3) a calcium-mediated recruitment of extrasynaptic GABA A receptors to the postsynaptic density (Bogdanov et al. 2006) . Which, if any, of these mechanisms accounts for the larger increase in mIPSC amplitude in the face of an acute nicotine challenge in cells from DNE animals is unknown.
Functional consequences of DNE-mediated alterations in inhibitory synaptic transmission
Figure 6 represents a working model designed to explain how DNE leads to the complex changes in GABAergic synaptic transmission to XIIMNs that we have described. Overall, our findings suggest that DNE triggers homeostatic adjustments in the strength of fast inhibitory synaptic transmission to XIIMNs that are aimed at maintaining normal motoneuron output under baseline conditions. However, as explained below many of the DNE-mediated adjustments in GABAergic synaptic transmission could result in exaggerated inhibition of XIIMNs whenever there is increased GABA or ACh release. To explain how this could occur, we begin by first addressing the DNE-mediated plastic changes in XIIMNs that previous and present work have described. The cartoon in Fig. 6 depicts a smaller XIIMN in the DNE animals, which is justified by previous studies showing a decrease in the size and complexity of the dendritic arbor of XIIMNs from DNE animals (Powell et al. 2016) . This fundamental change in neuron morphology may underlie the enhanced excitability that has been observed in nicotine-exposed XIIMNs (Pilarski et al. 2011; Powell et al. 2015 Powell et al. , 2016 . Moreover, previous (Jaiswal et al. 2016) and present results show, respectively, an increase in the expression of GABA A receptors on XIIMNs, and an increased inward current in response to activation of postsynaptic GABA A receptors with muscimol. We propose that this is a compensatory response to the reduced Here we show that there is an increased postsynaptic response to muscimol, but not to THIP, in DNE compared to control, consistent with upregulation of the synaptic GABA A receptor on these neurons (blue triangles). These experiments also show that the baseline strength of GABAergic synaptic transmission to XIIMNs is decreased in DNE cells, as indicated by the smaller GABAergic neuron in the DNE panel. However, activation of nAChRs with an acute nicotine challenge resulted in an exaggerated increase in the frequency of GABAergic synaptic inputs in DNE cells compared to control cells. These results indicate that nAChRs on GABAergic neurons in this region are not desensitized, and in fact may be upregulated by DNE (orange squares).
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GABAergic synaptic input to XIIMNs with DNE, and that the response is aimed at normalizing baseline cell excitability. This is broadly consistent with the concept of homeostatic plasticity whereby presynaptic firing rate is altered based on the activity of the postsynaptic neuron (Kirov et al. 1999; Turrigiano, 2012; Davis & Muller, 2015) . Importantly, the previous observation that XIIMNs from DNE animals show increased GABA receptor expression (Jaiswal et al. 2016) , coupled with the increased functional response to their activation with muscimol shown here may explain the reduced GABA synaptic input under baseline conditions (indicated by a smaller GABAergic neuron in the DNE animal schematized in Fig. 6 ). That is, the reduced GABA release may lead to the increased GABA receptor expression to fine tune the cell's overall inhibitory-excitatory balance. The mechanisms driving the decreased GABAergic input is unknown, but one idea is that retrograde signalling by the postsynaptic neuron regulates calcium channel function and calcium release at the presynaptic end terminal, which could, in turn alter the frequency of both sIPSCs and mIPSCs (Ramirez & Kavalali, 2011) . It is also possible that the GABAergic interneurons in DNE animals have more restricted projections to the XIIMNs, assuming that DNE stunts the dendritic arbor of these cells as it does in developing XIIMNs (Powell et al. 2016) .
In contrast to the reduced GABA input to XIIMNs under baseline conditions, one of the most important findings of this study is that DNE resulted in an exaggerated release of GABA in response to an acute nicotine challenge. This is consistent with a functional upregulation of nAChRs on GABA neurons in DNE cells (depicted in Fig. 6 ), resulting in increased action potential-mediated transmitter release in response to exogenous nicotine (Fig. 3) or endogenous ACh. This could occur if low sensitivity nAChRs are upregulated by DNE, as these receptors would not be intensely activated by the low levels of nicotine present in the blood, or by the low ambient ACh levels in the medullary slice (d'Incamps & Ascher, 2014) , consistent with the reduction in baseline GABA input that we observed. However, these receptors would be intensely activated by high-dose nicotine application, consistent with our observations during acute nicotine challenge (Fig. 4) . Alternatively, it has long been known that some nAChR subtypes are upregulated by chronic nicotine exposure and inactivate in the presence of agonist, but do not undergo long-term desensitization (Kawai & Berg, 2001; Picciotto et al. 2008) . If the nAChRs on GABAergic neurons projecting to XIIMNs undergo similar changes in response to DNE, it is possible that recovery of these receptors from inactivation, secondary to nicotine withdrawal, could explain this response.
Nevertheless, we hypothesize that the functional consequences of these plastic change is not homeostatic in the traditional sense because it could be detrimental to normal function during state changes that result in increased release of GABA or ACh, leading to an exaggerated inhibition of XIIMNs and other brainstem neurons that respond similarly to DNE. For example, increased GABA release occurs with hypoxia (Hehre et al. 2008) , and increased release of ACh occurs with the transition from NREM to REM sleep (Vazquez & Baghdoyan, 2001) . The former would cause direct synaptic inhibition of XIIMNs, while the latter would activate nAChRs on inhibitory interneurons, reinforcing synaptic inhibition. In either case, inhibition of XIIMNs would alter normal tongue function, which could underlie changes in suckling and breathing that have been reported in nicotine-exposed infants (Martin et al. 1979; Ueda et al. 1999) .
